To investigate the therapeutic effects of metformin, a commonly used antidiabetic drug, in preventing endotoxininduced uveitis (EIU) in rats.
METHODS. EIU in Lewis rats was developed by subcutaneous injection of lipopolysaccharide (LPS; 150 lg). Metformin (300 mg/kg body weight, intraperitoneally) or its carrier was injected either 12 hours before or 2 hours after LPS induction. Three and 24 hours after EIU, eyes were enucleated and aqueous humor (AqH) was collected. The MILLIPLEX-MAG Rat cytokine-chemokine magnetic bead array was used to determine inflammatory cytokines. The expression of Cox-2, phosphorylation of AMPK, and NF-jB (p65) were determined immunohistochemically. Primary human nonpigmented ciliary epithelial cells (HNPECs) were used to determine the in vitro efficacy of metformin.
RESULTS.
Compared with controls, the EIU rat AqH had significantly increased number of infiltrating cells and increased levels of various cytokines and chemokines (TNF-a, MCP-1, IL-1b, MIP-1a, IL-6, Leptin, and IL-18) and metformin significantly prevented the increase. Metformin also prevented the expression of Cox-2 and phosphorylation of p65, and increased the activation of AMPK in the ciliary bodies and retinal tissues. Moreover, metformin prevented the expression of Cox-2, iNOS, and activation of NF-kB in the HNPECs and decreased the levels of NO and PGE2 in cell culture media.
CONCLUSIONS.
Our results for the first time demonstrate a novel role of the antidiabetic drug, metformin, in suppressing uveitis in rats and suggest that this drug could be developed to prevent uveitis complications. (Invest Ophthalmol Vis Sci. 2012;53:3431-3440) DOI:10.1167/iovs.12-9432 U veitis, caused by various factors, such as autoimmune disorders, infections, exposure to toxins, and many other unknown factors, is an ocular inflammatory condition that could lead to total blindness 1, 2 ; however, the exact etiology of the disease progression is not yet well understood. The levels of various cytokines, as well as chemokines, in uveal tissues are found to be significantly increased because of ocular inflammation. 2 Activation of intracellular signaling cascades and alterations of the expression pattern of various inflammatory proteins in ocular tissues are common characteristics of uveitis. 3, 4 Activation of redox-sensitive transcription factors, such as nuclear factor (NF)-jB, has been shown to be involved in a number of inflammatory diseases, including uveitis. 5, 6 NFjB is known to regulate the expression of a number of genes responsible for inflammatory markers and various other cytokines and chemokines. 7 Because activation of NF-jB is a prominent feature of uveitis, therapeutic agents targeted toward suppression of NF-jB could potentially help in curbing ocular inflammation. Further, a number of antioxidants and plant products that prevent the expression of NF-jB-dependent inflammatory markers have been shown to prevent uveitis complications, both in animal and human studies 8 ; however, because of a lack of specific toxicity studies, safe delivery methods, and unwanted side effects, some of these agents have never reached to clinical settings. Therefore, it is useful to identify potential therapeutic drugs that are already found to be safe for human use to ameliorate ocular inflammatory complications, such as uveitis.
Metformin (Glucophage, Glumteza, Riomet) is an oral medication used either alone or in combination with other medications to treat patients with type 2 diabetes (Fig. 1) . [9] [10] [11] Although suppression of glucose production in liver is a wellestablished function of metformin, it can also show beneficial effects in other tissues, such as adipose, skeletal muscle, and vascular endothelium, during hyperglycemia. Metformin not only ameliorates insulin resistance and hyperinsulinemia but is also known to improve ovulation and regulate the menstrual cycle in women after long-term use. 12 Recently, metformin has been reported to hold potential for cancer treatment. [13] [14] [15] The anticarcinogenic affects appear to be associated with the regulation of NF-jB, matrix metalloproteinase (MMP)-2/9, AKT (also known as protein kinase B), and extracellular-signalrelated kinase (ERK)1/2 signaling pathways that are known to be important mediators of inflammation, tumor invasion and metastasis. 16 Recently, Quaile et al. 17 reported that the no observable adverse effect level of metformin was 200 mg/kg/d (mean area under the curve 0-24 ¼ 41.1 lg h/mL; mean Cmax ¼ 10.3 lg/mL based on sex average week 13 values) in rats. Their study also revealed that metformin when used as monotherapy could also reduce toxicities such as body weight loss, necrosis and inflammation of parotid salivary gland, metabolic acidosis, morbidity, and mortality in rats. Moreover, metformin has been known to activate adenosine-monophosphate-activated protein kinase (AMPK), which can suppress NF-jB activation and thereby NF-jB-dependent inflammatory pathologies. 18, 19 Further, metformin improved survival in a mouse model of lethal endotoxemia by inhibiting high-mobility group protein B1 release. 20 Collectively, recent literature revealed that metformin could be an important agent for the suppression of inflammatory complications and this drug could be safe for long-term use in humans. Therefore, metformin, which is already in the market to treat patients with diabetic complications, could be a potential therapeutic agent for preventing ocular inflammatory complications, such as uveitis. Hence, in the present study, we investigated the efficacy of metformin in preventing ocular inflammatory response in endotoxin-induced uveitis (EIU) in rats as well as examined its anti-inflammatory effects in cultured human nonpigmented ciliary epithelial cells (HNPECs). Our results indicate that metformin could prevent endotoxin-induced ocular inflammation leading to uveitis in rats and suggest that this drug could also be used as a novel therapeutic agent in preventing uveitis complications.
MATERIALS AND METHODS

Materials
Primary HNPECs and culture media were obtained from ScienCell Research Laboratories (Carlsbad, CA). Metformin and lipopolysaccharide (LPS) (Escherichia coli 0111:B4 strain) were purchased from Sigma-Aldrich (St. Louis, MO). Nitrate/Nitrite and prostaglandin E2 (PGE2) ELISA kits were purchased from Cayman Chemical (Ann Arbor, MI) and Assay Designs (Farmingdale, NY) respectively. The MILLIPLEX MAG rat cytokine/chemokine magnetic bead panel along with Luminex xMAP detection method was purchased from Millipore Corporation (Billerica, MA). Rabbit monoclonal phospho-AMPK antibodies were obtained from Cell Signalling (Danvers, MA). Rabbit polyclonal inducible nitric oxide synthase (iNOS), goat polyclonal cyclooxygenase (Cox)-2, rabbit polyclonal phospho-p65 (Ser 536), mouse monoclonal p65 (F-6), and mouse monoclonal glyceraldehyde 3-phosphate dehydrogenase (GAPDH; A-3) antibodies were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). All other reagents obtained from Sigma-Aldrich were of highest purity grade.
Animals
Adult (8-10 weeks) male Lewis rats (150-200 g; Harlan Laboratories, Houston, TX) were kept in 12-hour light/12-hour dark cycles for 3 days to acclimatize in the animal house facility at the University of Texas Medical Branch, Galveston, TX. The handling, treatment, and procedures on animals were carried out according to the Association for Research in Vision and Ophthalmology (ARVO) statement for the use of animals in ophthalmic and vision research. Animals were randomly divided into four groups (n ¼ 8). LPS (150 lg/100 lL PBS) was injected subcutaneously at two locations in the thigh of the animals to induce uveitis. In the experimental groups, intraperitoneal injection of metformin (300 mg/kg body weight) was given either 12 hours before (Pre-metformin group) or 2 hours after (Post-metformin group) LPS injection in respective animals. Animals in the control group were injected with vehicle (dimethyl sulfoxide þ normal saline, dilution 1:20). The animals were euthanized at 3 hours to determine phosphorylation of AMPK as well as NF-jB in immunostained serial sections of the rat eyes. For all other parameters, the animals were euthanized at 24 hours after LPS injection. The aqueous humor (AqH) was collected from the eyes by an anterior chamber puncture with a 30-gauge needle under a surgical microscope. After determination of the number of infiltrating cells, as well as protein concentration in AqH, the samples were stored at -808C until further use. Some of the eyes were transferred immediately to 4% paraformaldehyde for immunohistochemical studies.
Pathological Assessment
Using slit lamp microscope, the pathological severity of inflammation in EIU at the end of the experiment was scored by a masked investigator as described earlier. 21 The intensity of clinical ocular inflammation was scored on a scale of 0 to 5.
Determination of Infiltrating Cells and Total Proteins in AqH
The AqH samples were diluted in an equal amount of Trypan-blue solution and number of infiltrating cells was counted using a hemocytometer under the light microscope (Nikon, Tokyo, Japan). The total protein concentration in the AqH samples was measured with a protein assay kit (Bio-Rad, Hercules, CA).
Determination of Cytokines/Chemokines in AqH
The levels of cytokines and chemokines in the AqH were determined by the MILLIPLEX MAG rat cytokine/chemokine magnetic bead array panel along with Luminex xMAP detection method as per manufacturer's protocol using a Millipore Multiplex system. The results are expressed as picograms per milliliter.
Paraffin Embedding of Eyes
The enucleated eyes from the rats were fixed in 4% paraformaldehyde for 24 hours. After fixing, the eyes were washed in ice-cold PBS (3 times) and immediately transferred in 70%, 90%, and 100% reagent alcohol for 24 hours each followed by embedding in paraffin. Sagittal sections of 5 lm were cut.
Histopathological and Immunofluorescence Studies
Rat eye sections were stained with hematoxylin and eosin (H&E) for histopathologic analysis of uveitis symptoms. For immunofluorescence studies, the eye sections were warmed at 608C for 1 hour in the oven, deparaffinized in xylene, rehydrated by passing through 100%, 95%, 80%, and 70% ethanol, and washed with deionized water. Heat-induced epitope recovery was used as sections were submerged in 250 mL of 1· antigen retrieval citrate buffer (10 mM citric acid, 0.05% Tween 20, pH 6.0) and steam-heated in a standard steamer for 15 minutes. After the antigen retrieval, the sections were rinsed in PBS twice and incubated with blocking buffer (2% BSA, 0.1% Triton X-100, 2% normal rabbit Ig G or 2% normal goat serum) overnight at 48C. The sections were incubated with primary antibodies against phospho-AMPK or phospho-p65 antibodies (dilution 1:200) for overnight and washed with PBS (3 · 5 minutes each). The sections were incubated in respective Alexa Fluor-488 or Alexa Fluor-594 secondary antibodies (dilution 1:200) for 1 hour at room temperature followed by washing with PBS. The sections were mounted with Vectashield mounting media (Vector Labs, Burlingame, CA) containing 4 0 ,6-diamidino-2-phenylindole and covered with a cover slip. The expression of p65, Cox-2, and AMPK in the ocular cells in the tissue sections was determined by fluorescent microscopy (EPI-800 microscope; Nikon, Tokyo, Japan) and photographed with a digital camera (Olympus, Center Valley, PA) fitted to the microscope.
In Vitro Cell Culture Study
HNPECs were cultured as per supplier's protocol (ScienCell Research Laboratories) using epithelial cell medium containing basal medium, antibiotics, epithelial cell growth supplement, and fetal bovine serum. The growth media was hydrocortisone and endotoxin free. The cells were grown in a humidified incubator at 378C and 5% CO 2 . All incubations were performed in serum-free medium. The cells were pretreated with 40 lM of metformin for 1 hour and subsequently stimulated with 1 lg/mL LPS for various time intervals as stated in the figure legends. For in vitro experiments, the optimal effective dose was determined by initial experiments using 0 to 100 lM of metformin. The efficacy of dosages less than 40 lM metformin did not evoke significant response, whereas dosages of 40 lM or more metformin evoked a significant response as measured by nitric oxide (NO) and PGE2 levels in the culture media.
Western Blot Analysis
After the treatment, HNPECs were washed twice with ice cold PBS and lysed in radioimmunoprecipitation assay buffer containing 1 mM phenylmethylsulfonyl fluoride and 1:100 dilution of protease inhibitor cocktail (Sigma-Aldrich). The protein levels were measured from the supernatant and aliquots were diluted with 2· SDS sample buffer and boiled for 5 minutes. The cell lysates were separated on 10% SDSpolyacrylamide gels and transferred to polyvinylidene difluoride membranes (Immobilon; Millipore, Bedford, MA). The membranes were then incubated in blocking solution containing 5% weight per volume dried fat-free milk and 0.1% vol/vol Tween-20 in Tris-buffered saline. Subsequently, the membranes were incubated with anti-iNOS, -Cox-2, -phospho-p65, and total P-65 antibodies. The membranes were then probed with horseradish peroxidase-conjugated secondary antibody (GE Health Care, Piscataway, NJ) and visualized by chemiluminescence (Pierce Biotechnology, Rockford, IL). To determine translocation of NF-jB from the cytoplasm to the nucleus, HNPECs were treated with LPS for different time intervals followed by extraction of nuclear proteins as per manufacturer's protocol using a nuclear extraction kit (Cayman Chemicals).
Measurement of NO and PGE2
After the treatment, HNPECs culture media were retrieved, centrifuged to remove cell debris, and stored at -808C until further use. The total levels of nitrate/nitrite and PGE2 in the culture media were measured by using a total nitrite colorimetric assay and an enzyme immunoassay kits, respectively. All assays were performed according to the manufacturer's instructions (Cayman Chemicals).
Statistical Analysis
Data are expressed as the mean 6 SD. One-way ANOVA was used to compare inflammatory markers; P less than 0.05 was considered statistically significant. Wilcoxon-Mann-Whitney tests were used for the pairwise comparisons across groups. Analyses were stratified by side (left and right). All computations were performed with the SAS system (version 9; SAS Institute, Cary, NC).
RESULTS
Metformin Prevents Severity Associated with EIU
At first, we performed a dose response study to determine the effective dose (100 mg/kg, 300 mg/kg, and 500 mg/kg body weight) of metformin in preventing EIU in rats (n ¼ 2). Our results suggest that a 100 mg/kg dose of metformin partially (~30%) prevented the EIU-induced cellular infiltration, whereas 300 mg/kg and 500 mg/kg doses showed 80% and 85% protection, respectively against EIU-induced cellular infiltration in rat AqH (data not shown). Therefore, in the rest of our experiments, we used 300 mg/kg bd wt. We next examined the efficacy of metformin in the prevention of EIU symptoms in rats. Our results indicate that pathological scores for various experimental groups were as follows: EIU alone 3.6 6 0.4, EIUþmetformin-pretreated 1.0 6 0.1, EIUþmetformin-posttreated 1.4 6 0.1, and controls 0.003 6 0.005. Histopathological examination of the H&E-stained sagittal sections of rat eyes revealed LPS-induced infiltration of inflammatory cells in the AqH (Fig. 2A) . Pretreatment as well as posttreatment of EIU rats with metformin significantly inhibited infiltration of cells in the AqH as compared with untreated or metformin-alone treated groups (Fig. 2B) . The manual counting of the infiltrated cells in the AqH revealed a significant (>100-fold) increase in the infiltration of the cells in EIU rats, which significantly (80%) declined in EIU þ metformin-treated rats (Fig. 2C ). Similarly, total protein level in the AqH of the LPS group increased significantly (>20-fold) as compared with control or metformin-alone treated groups; however, pretreatment as well as posttreatment with metformin significantly (~64% and~65%, respectively) suppressed the LPS-induced increase in the protein levels in AqH (Fig. 2D) .
Metformin Decreases the Levels of Inflammatory Cytokines, Chemokines, and Growth Factors in AqH of EIU Rat Eyes
Endotoxin-induced increase in various cytokines, chemokines, and growth factors in the AqH is a hallmark of uveitis. Therefore, we next determined the levels of various cytokines, chemokines, and growth factors in AqH by using a magnetic bead array-based rat-specific inflammation kit (Millipore, Billerica, MA) that measures 23 inflammatory marker proteins from a single sample. The results were analyzed by Luminex xPONENT software (Luminex, Austin, TX) and expressed as pg/mL. As shown in Figure 3 , a significant (P < 0.01) increase in the levels of inflammatory proteins, such as TNF-a, MCP-1, IL-1b, MIP-1a, IL-6, Leptin, IL-18, and GRO/KC, were observed in the EIU group. Posttreatment with metformin significantly (P < 0.05) suppressed the LPS-induced secretion of cytokines and chemokines in AqH (Fig. 3) . Further, metformin also partially reduced (statistically nonsignificant) the levels of granulocyte macrophage-colony-stimulating factor, Eotaxin, RANTES, VEGF, granulocyte colony-stimulating factor, IFN-c, IL-1a, IL-2, IL-4, IL-5, IL-10, IL-12p70, IL-13, IL-17, and IP-10 in EIU rats (data not shown).
Metformin Inhibits Expression of Cox-2 in Ocular Tissues
The inhibitory effects of metformin on LPS-induced elevation in the levels of various inflammatory markers were also confirmed by immunohistochemical studies. We determined the effect of metformin on the expression of major proinflammatory protein, Cox-2, in ocular tissues of EIU rat eyes. As shown in Figure 4 , the EIU rat ocular tissues revealed an increased expression of Cox-2 in the ciliary epithelial cells of ciliary bodies and retina (possibly in the retinal pigment epithelial cells) of EIU rat eyes, which was suppressed by metformin. Further, in addition to ocular cells, some of the infiltrated cells were also positive for the Cox-2 expression.
Metformin Triggers AMPK Activation and Inhibits NF-jB in Ocular Tissues
Because NF-jB is known to transcribe the genes responsible for various inflammatory markers, we next investigated the effect of metformin on LPS-induced activation of NF-jB (phospho-p65) in rat eye tissue sections immunohistochemically. The phosphorylation of p-65 in the ocular cells of ciliary bodies as well as retina was observed in LPS-treated rat eyes at 3 hours but not in the EIU þ metformin group (Figs. 5C, 5D ), indicating that metformin prevents LPS-induced p65 activation. Because AMPK activation by metformin has been shown to suppress the activation of p65, we next determined the effect of metformin on endotoxin-induced activation of AMPK in the rat eye tissues. Our results, shown in Figures 5A and 5B, indicate that EIU þ metformin rat tissues had an elevated expression of AMPK as compared with EIU rat tissues. Further, as compared with control rat eye tissues, there was a marked activation of AMPK observed in metformin-alone treated rats. These results suggest that by activating AMPK, metformin could prevent endotoxin-induced NF-jB-dependent expression of inflammatory markers.
Metformin Suppresses LPS-Induced Inflammatory Response in HNPECs
Because ciliary epithelial cells are known to play a crucial role in AqH homeostasis and it is disrupted during EIU, we used HNPECs as our in vitro model to understand the effects of metformin on intracellular inflammatory events. Therefore, we first examined the effect of metformin on LPS-induced inflammatory markers, such as NO and PGE2. As shown in Figure 6A , LPS significantly (>80%) increased the levels of nitrate/nitrite as well as PGE2 in culture media of HNEPCs as compared with the untreated cells or metformin-alone treated cells. The LPS-induced increase in the levels of nitrate/nitrite and PGE2 were significantly (>60%) prevented by the metformin. Because Cox-2 and iNOS enzymes catalyze the formation of PGE2 and NO, we next examined the effect of metformin on LPS-induced Cox-2 and iNOS protein expression in HNPECs. Our results, shown in the Figure 6B , indicate that The pathologic score of EIU in Lewis rat eyes injected with LPS in the absence and presence of metformin was determined at 24 hours with a slit lamp microscope. Results are given as mean 6 SD (n ¼ 6). # P < 0.001 versus control. **P < 0.001 versus EIU (Wilcoxon-Mann-Whitney test). (B) Histopathological results of paraffin-embedded sections showing infiltrated cells (inset) in the anterior chamber of EIU rat eyes without or with metformin injected 12 hours before or 2 hours after LPS administration. H&E-stained serial sections of rat eyes were photographed under a light microscope. Magnification, ·200. (C) The infiltrated inflammatory cells were determined by trypan blue exclusion cell counting and (D) total protein levels in the AqH. Results are expressed as the mean 6 SD (n ¼ 5); *P < 0.001 versus the control group; **P < 0.05 versus the EIU group. C, control; Pre-Met, pretreatment with metformin; Post-Met, posttreatment with metformin; EIU, endotoxin-induced uveitis; EIU þ Pre-Met, endotoxin-induced uveitis þ pretreatment with metformin; EIU þ Post-Met, endotoxin-induced uveitis þ post treatment with metformin; CB, ciliary body; L, lens.
LPS caused an approximately 13-and 10-fold increase in the expression Cox-2 and iNOS proteins, respectively in HNPECs. In the presence of metformin, however, the Cox-2 and iNOS protein expression was significantly suppressed to approximately 5-and 3-fold, respectively. Because NF-jB is known to transcribe the Cox-2 and iNOS genes, we next examined the effect of metformin on LPS-induced nuclear translocation of NF-jB. As shown in Figure 6C , metformin significantly prevented the nuclear translocation and activation of NF-jB. These results suggest that the metformin prevents LPS-induced inflammatory response by preventing the NF-jB-dependent expression of inflammatory markers.
DISCUSSION
This study for the first time reports that the antidiabetic drug metformin could suppress ocular inflammation leading to uveitis in rats. Our data indicate that infiltration of leukocytes and secretion of various cytokines and chemokines in AqH were significantly reduced by either pretreatment or posttreatment with metformin in EIU rats. Further, the expressions of inflammatory marker proteins, such as Cox-2, as well as transcription factors, such as NF-jB, in the uveal and retinal tissues were also inhibited by metformin.
The pivotal role of NF-jB in triggering various proinflammatory genes in a number of inflammatory diseases, including endotoxin-as well as autoimmune-induced uveitis has been well documented. [22] [23] [24] Consistent with previous studies, [25] [26] [27] [28] [29] our study also indicates that metformin prevents activation of NF-jB. In the present study, we have shown that the expression of LPS-induced NF-jB in ciliary bodies as well as retinal tissues was suppressed in metfomin-treated rats. Moreover, our in vitro cell culture studies also indicate that metformin inhibits LPS-induced nuclear translocation of NF-jB in HNPECs. One of the mechanisms of metformin-induced inhibition of NF-jB is through the activation of AMPK. 18, 19 A plethora of studies had demonstrated that the activation of AMPK signaling downregulates the NF-jB pathway. [30] [31] [32] [33] [34] In this study, we observed that metformin triggers the activation of AMPK in the ciliary body complex as well as retinal cells. These results are in correlation with the inhibition of NF-jB in the respective ocular tissues (Fig. 5) . Our results are also in accordance with a recent study by Suzuki et al., 35 who demonstrated that aminoimidazole carboxamide ribonucleo-FIGURE 3. Posttreatment with metformin suppressed LPS-induced increase in cytokines and chemokines in AqH. The MILLIPLEX MAG Rat cytokine/chemokine magnetic bead panel along with Luminex xMAP detection method was used to determine cytokines and chemokines. Results are expressed as the mean 6 SD (n ¼ 3; AqH was pooled from two rats for each data point); *P < 0.01 versus the control group; **P < 0.05 versus the EIU group. The results are expressed as pg/mL. C, control; Met, metformin; EIU, endotoxin-induced uveitis; EIU þ Met, endotoxin-induced uveitis þ metformin.
tide, an activator of AMPK, prevents the inflammatory response to EIU. Further, previous studies also demonstrate that by activating AMPK, metformin suppresses NF-jB in a number of nonocular cells, such as macrophages and vascular endothelial cells. [30] [31] [32] [33] [34] Although, in our studies, it appears that activation of AMPK by metformin suppresses NF-jB activation, we do not rule out the other possibilities by which metformin could regulate NF-jB in ocular tissues.
Even though the therapeutic use of metformin for hyperglycemia and type-2 diabetes was initiated in the 1950s, still it currently remains as one of the most commonly prescribed drugs with nearly 120 million prescriptions filled yearly worldwide. [36] [37] [38] [39] Recent investigations in the past decade or so indicate a profound efficacy of metformin in the treatment of polycystic ovary syndrome and cancer. [39] [40] [41] The insulin-lowering effects of metformin have been considered as an integral to its anticancer properties, which has been associated with decreased cancer incidence and mortality in diabetic patients. 39, [42] [43] [44] A number of observational studies found a significantly declined number of cancer incidences and cancerrelated mortality in diabetic patients who received standard doses (1500 to 2250 mg/d in adults) of metformin. 42, [45] [46] [47] [48] [49] Moreover, interim analyses of ongoing studies in breast cancer patients demonstrated that metformin is safe and well tolerated, and exhibits therapeutic effects on insulin metabolism, tumor cell proliferation, and apoptosis. 50, 51 Besides humans, metformin also displays significant growth inhibitory effects in numerous in vitro and in vivo animal models of carcinogenesis. In an in vitro cell culture model, metformin inhibited the proliferation of a variety of cancer cells, such as breast, prostate, colon, endometrial, ovarian, and glioma. [52] [53] [54] [55] [56] [57] [58] A number of molecular mechanisms have been proposed to elucidate the efficacy of metformin as an anticancer agent. These include AMPK activation, reduced mammalian target of rapamycin signaling and protein synthesis, as well as a variety of other responses, including decreased epidermal growth factor receptor, Src, and mitogen-activated protein kinase activation, decreased expression of cyclins, and increased expression of p27. Furthermore, Tan et al. 16 reported that metformin can exert anti-invasive and anti-metastatic effects in human endometrial carcinoma cells through NF-jB, MMP-2/9, as well as AKT and ERK1/2 pathways.
The results of a study undertaken by Kim et al. 25 suggest that metformin activates AMPK and suppresses MDR1 expression in MCF-7/adr cells by inhibiting the activation of NF-jB and CREB. These studies so far have revealed a novel function of metformin as an anticancer agent in addition to already established antidiabetic function. Further, recent studies also demonstrate the anti-inflammatory role of metformin as well. Dandona et al. 59 observed that metformin could reduce plasma migration inhibitor factor concentration in the obese individuals. This finding is suggestive of an anti-inflammatory and antiatherogenic effect of metformin, which may have implications for the reduced cardiovascular mortality observed with metformin therapy in type-2 diabetes. Moreover, a study by Isoda et al. 29 demonstrated that metformin can exert a direct vascular anti-inflammatory effect by inhibiting NF-jB through the blockade of the PI3K-AKT pathway. Our current study indicates the potential use of metformin in uveitis, one of the major causes of blindness in patients worldwide.
Like metformin, various therapeutic agents have been reported in the past to inhibit the inflammatory response in the EIU model. 8 However, prescription-based use of many of these agents, such as guggulsterone, 60 ethyl pyruvate, 61 lutein, 62 and astazanthin, 63 in humans for the treatment of uveitis has not materialized for various reasons. Prominent reasons that limit their use in humans are lack of toxicity studies, lack of knowledge on safe dosage range, potential toxicity on higher therapeutic dosage, and lack of studies to determine safe delivery methods. Metformin is one such drug that could overcome these issues, as it has been extensively studied and found to be safe for human use. The clinical safety, FIGURE 6 . Metformin prevents inflammatory response in HNPECs stimulated with LPS. (A) The levels of nitrate/nitrite and PGE2 in the culture media were determined with ELISA kit. Data are expressed as mean 6 SD (n ¼ 6). *P < 0.001 versus the control group; **P < 0.05 versus the LPS group. (B) The expression of Cox-2 and iNOS from cell lysates was determined by Western blot using specific antibodies. (C) The nuclear translocation of p65 was determined in the nuclear extract by Western blot using specific antibodies against p65. TBP, TATA binding protein (loading control); C, control; Met, metformin.
well-characterized pharmacodynamic profile, and low cost of metformin could make it an ideal candidate for the development of potential therapeutic agent for ocular inflammatory diseases such as uveitis.
